Carbon nanotubes (CNTs) provide sensing capabilities in areas as diverse as optical bioimaging^[@ref1],[@ref2]^ or single-molecule,^[@ref3]^ temperature,^[@ref4]^ and strain^[@ref5],[@ref6]^ detection. Semiconducting CNTs with diameters of about 1 nm and respective optical transitions in the near-infrared^[@ref7],[@ref8]^ combine such sensing functionalities with the convenience of an optical readout.^[@ref4]−[@ref6]^ Moreover, the permanent electric dipole moment of localized excitons^[@ref9],[@ref10]^ adds means of electrostatic environmental sensing to the realm of all-optical reporting capabilities of individual nanotubes, placing them alongside semiconductor quantum dots^[@ref11]−[@ref14]^ and charged nitrogen vacancy centers in diamond^[@ref15],[@ref16]^ as elementary sensing units in all-optical electrometers.

Individual CNTs report changes in electric field via spectral shifts in their photoluminescence (PL) energy. A dynamically fluctuating charge environment results in spectral fluctuations in the course of time which are particularly pronounced for localized excitons exhibiting finite electric dipole moments^[@ref9],[@ref10]^ as a consequence of localization at unintentional disorder^[@ref17]^ or at side-wall defects in chemically functionalized nanotubes.^[@ref18]−[@ref21]^ Consistently, spectral fluctuations are suppressed for excitons in suspended nanotubes sufficiently far away from the fluctuating charge reservoir of dielectric supports.^[@ref22],[@ref23]^ Electrostatically passive environments of polymers yield similar trends.^[@ref24]^

In this work, we utilize the sensitivity of CNT exciton PL to variations in local electric fields to study the dynamics of charge fluctuations in silicon oxide (SiO~2~) and hexagonal boron nitride (hBN) supports. While SiO~2~ is a standard material in industrial integrated circuitry and is commonly used as dielectric support for prototype devices based on novel materials, the practicability of silicon platforms is challenged by the limitations in device performance due to fluctuating charge impurities inherent to SiO~2~. They are known to reduce the intrinsic charge carrier mobility in graphene,^[@ref25],[@ref26]^ to cause hysteretic effects in CNT transistors,^[@ref27]−[@ref29]^ or to limit the sensitivity of nanotube-based biomolecular sensors.^[@ref3],[@ref30]^ Recent transport studies of graphene^[@ref31]−[@ref33]^ and CNTs^[@ref34]^ on hBN on the other hand indicate that such detrimental effects are reduced on atomically flat hBN supports. More recent optical studies of two-dimensional semiconductors have confirmed the beneficial impact of hBN environments by reporting spectral line widths at the limit of homogeneous broadening in best samples with both-sided hBN encapsulation.^[@ref35]−[@ref38]^

To probe the charge noise characteristics of SiO~2~ and hBN, we performed PL spectroscopy of individual CNTs grown directly on both dielectric supports. The sample was prepared by chemical vapor deposition (CVD), and cryogenic PL studies were performed in a home-built confocal microscope immersed in a liquid helium bath cryostat with a base temperature of 4.2 K (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b00871/suppl_file/nl8b00871_si_001.pdf) for details). [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a shows a map of PL peak intensities recorded in the region of an hBN flake on SiO~2~ (indicated in the optical micrograph inset) at 100 μW excitation power of a circularly polarized laser. The edge of the hBN flake in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a is identified by a crossover from a dark-count limited background on hBN to a finite PL background on SiO~2~. The logarithmic false-color scale of the PL map exaggerates the PL background on SiO~2~ with respect to the 1 order of magnitude brighter PL hot spots stemming from individual CNTs with peak intensities of 15--130 cts/s. CVD-grown tubes of five chiralities with emission wavelengths in the range 850--1000 nm, namely (5,4),(6,4),(9,1),(8,3), and (6,5), are expected to dominate the PL in the spectral window of our silicon charge-coupled device. Consistently, CNTs with corresponding diameters below 1 nm were identified on our sample with atomic force microscopy (AFM) both on bare SiO~2~ and on hBN (the respective AFM image of two nanotubes on hBN is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b).

![(a) Cryogenic raster-scan photoluminescence map of a region with an ∼300 nm thick hBN flake on SiO~2~ indicated by the white rectangle in the optical image inset (different aspect ratios are due to nonlinearities in low-temperature scanning). The contrast between the regions of SiO~2~ (orange) and hBN (blue) stems from a much weaker photoluminescence background on hBN. (b) Atomic force micrograph of the area marked by the dashed white rectangle in (a) identifies two carbon nanotubes and hBN crystal terraces. Inset: Height profile of the nanotubes taken along the black line.](nl-2018-00871j_0001){#fig1}

The hot spots of local and intense PL in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a correspond to individual nanotubes with spectrally narrow PL peaks characterized by resolution-limited full width at half-maximum (fwhm) line widths of ∼200 μeV at short integration times of 1 s (representative spectra are shown in the top and bottom panels of [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a for two different nanotubes on hBN and SiO~2~, respectively). In contrast to the narrow PL spectra observed at lowest integration times of 1 s both on hBN and SiO~2~, a large fraction of nanotubes lying on SiO~2~ developed highly asymmetric spectra with significant spectral broadening at increased integration times (compare the spectra with 1 and 100 s integration times in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). This time-accumulated PL line broadening was also observed at the statistical level for different CNTs on hBN and SiO~2~; the histogram of [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b with a fwhm binning of 0.5 meV shows that the PL line width of nanotubes on hBN (blue columns) was independent of the integration time, while the spectra of most nanotubes on SiO~2~ exhibited a progressively increasing spectral broadening with prolonged integration times.

![(a) Low-temperature photoluminescence spectra of individual carbon nanotubes on hBN (top panel) and SiO~2~ (bottom panel) at 18 μW excitation power. Blue (orange) and dark blue (wine) spectra were recorded with 1 and 100 s integration times, respectively. (b) Histogram of the fwhm line widths of carbon nanotube photoluminescence spectra on SiO~2~ (orange) and hBN (blue) as a function of the integration time.](nl-2018-00871j_0002){#fig2}

To examine this pronounced difference in the temporal evolutions of the emission from CNTs on hBN and SiO~2~ in more detail, we sampled the PL with 1 s integration time over the course of 1000s and color-coded the PL evolution as in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a. The temporal characteristics of individual CNTs in the upper and lower panels of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a are representative for substrate-specific responses observed on SiO~2~ and hBN, respectively, with frequent spectral fluctuations on millielectronvolt scale for tubes on SiO~2~ contrasted by CNTs on hBN with stable PL emission. A quantitative analysis of this effect was performed using the Allan deviation as a measure for the spectral stability of a resonance^[@ref39],[@ref40]^ (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b00871/suppl_file/nl8b00871_si_001.pdf)). For the two specific CNTs on SiO~2~ and hBN of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, the Allan deviation calculated in steps of 50 s and displayed in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b (orange and blue data correspond to the CNT on SiO~2~ and hBN, respectively) was found to differ by more than 1 order of magnitude on all time scales of our experiment.

![(a) Temporal evolution of the photoluminescence of a representative carbon nanotube on SiO~2~ (top) and on hBN (bottom) at 18 μW excitation power. (b) Corresponding temporal evolutions of the Allan deviations. (c) Allan deviations for carbon nanotubes on SiO~2~ (orange) and hBN (blue) at different excitation powers calculated from sets of 100 consecutive spectra with 1 s integration time per spectrum.](nl-2018-00871j_0003){#fig3}

The Allan deviation of 19 different CNTs on SiO~2~ and hBN as a function of the excitation laser power is shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c as orange and blue data, respectively. The graph divides the tubes on hBN and SiO~2~ into two disparate classes, with a few exceptions of CNTs on hBN exhibiting spectral fluctuations as large as most of the CNTs on SiO~2~. The large spread in the data shows no obvious trend for the functional dependence of the PL stability on the excitation power for tubes on hBN, while the spectral fluctuations seem to increase for tubes on SiO~2~ with higher excitation powers in accord with power-induced spectral wandering.^[@ref41]^ These observations suggest that spectral fluctuations are sensitive to the specifics of the dielectric support, and that the charge noise in the PL of nanotubes on hBN is strongly inhibited.

To clarify the origin of large spectral wandering for those tubes on hBN that exhibited Allan deviation values comparable to CNTs on SiO~2~ in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c, we analyzed the details of the charge noise characteristics that govern the PL fluctuation dynamics. Within the framework of spectral noise analysis, the PL fluctuations are characterized by the noise spectral density *S*(*f*) (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b00871/suppl_file/nl8b00871_si_001.pdf) for details). In solid state systems, *S*(*f*) is commonly modeled by a general power law 1/*f^ α^* with a system-specific exponent α in the range 0.5--1.5^[@ref13],[@ref42]−[@ref44]^ with α = 1 being the limit of pure 1/*f*-noise or pink noise.^[@ref45]^ For a more intuitive interpretation of the spectral fluctuations in the nanotube PL due to switching events of individual charge traps in the dielectric support, we decomposed the noise spectral density into contributions of random telegraph noise *S*~t~(*f*), pink noise *S*~p~(*f*), and frequency-independent white noise *S*~w~ aswith the respective relative weights *a*, *b* and *c* ranging between 0 and 1, and *a* + *b* + *c* = 1 (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b00871/suppl_file/nl8b00871_si_001.pdf) for the normalization of the individual noise components).

The first term quantifies the fraction of random telegraph noise (RTN) with a Lorentzian noise spectral density *S*~*t*~(*f*) (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b00871/suppl_file/nl8b00871_si_001.pdf) for details) arising from a fluctuating charge trap in close CNT proximity. The CNT on hBN with the PL evolution and noise spectral density in the left panels of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a,b, respectively, is representative for the case where one dominant charge fluctuator causes discrete jumps between two distinct PL energies resulting in nearly pure RTN (the solid line in the left panel of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b shows the decomposition into noise components according to [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} with *a* = 0.99, *b* = 0.00, and *c* = 0.01). The central panels of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a,b show a CNT on hBN with a large 1/*f*-noise component (*a* = 0.74, *b* = 0.21, and *c* = 0.05), and the right panels of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a,b are representative for CNTs on SiO~2~ with a large white noise contribution (with *a* = 0.64, *b* = 0.05, and *c* = 0.31 for this specific tube). Whereas 1/*f*-noise (pink dashed lines in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b) can be related to a superposition of multiple independent RTN sources,^[@ref46]^ very rapid fluctuations with a broad distribution of random amplitudes result in frequency independent white noise (gray dashed lines in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b).

![(a) Temporal evolution of carbon nanotube photoluminescence representing the cases of a large random telegraph, 1/*f* and white noise component (from left to right) in their spectral fluctuations at 4.2 K. (b) Respective normalized noise spectral densities and model decompositions (solid lines, orange and blue colors represent nanotubes on SiO~2~ and hBN, respectively) into random telegraph, 1/*f* and white noise according to [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}. The pink and gray dashed lines indicate the limits of pure 1/*f* and white noise, respectively. (c) Noise composition of carbon nanotubes on hBN (blue data points) and on SiO~2~ (orange data points). The gray data are simulation results connecting the measurements to physical substrate properties. They represent the expected distribution of fluctuating charge traps on SiO~2~ (light gray) contrasted by the scenario of an electrostatically calm substrate with and without accumulation of distant surface states (black and gray, respectively; the black data points are concentrated at the lower left corner of the ternary diagram and are therefore barely distinguishable). Insets: Atomic force micrographs of CNTs on flat and rocky regions of an hBN flake (blue and pink triangles, respectively, also used to indicate the corresponding noise compositions in the ternary plot; the dashed circles mark the optical spot with ∼1 μm diameter).](nl-2018-00871j_0004){#fig4}

We performed the decomposition of the noise spectral densities according to [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} for all CNTs of our study with PL time series recorded with a minimum of 1000 spectra at 1 s integration time. The resulting distribution of the noise compositions are summarized in the ternary plot of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c (blue and orange data correspond to CNTs on hBN and SiO~2~, respectively). CNTs with vanishingly small spectral wandering were discarded from the analysis and are therefore not represented in the graph. For all other nanotubes, *S*(*f*) was found to be dominated by the RTN component (similar to the three CNTs of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a,b) because of the dominant impact of the near-most charge fluctuator. Remarkably, the noise signatures of CNTs on hBN and SiO~2~ again separate into two distinct classes: whereas nanotubes on hBN form a class with a varying 1/*f* noise contribution and a low white noise weight (\<10%), the case of nanotubes on SiO~2~ is just the opposite.

In order to interpret the spread in the data of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c, we performed Monte Carlo simulations to obtain *S*(*f*) of the CNT PL originating from an exciton with a static dipole moment subjected to charge fluctuations in the dielectric support (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b00871/suppl_file/nl8b00871_si_001.pdf) for details on the model and the simulation results). In brief, we modeled a surface trap state as an elementary charge that together with its image charge in the dielectric substrate constitutes an electric dipole. Charge-capture and -release in a trap state at distance *r* results in a binary fluctuating dipolar vector field **F**, which in turn gives rise to an energy shift Δ*E*~PL~ = **p**·**F** of the nanotube PL via the first order Stark effect. We used \|**p**\| = 0.44 eÅ for the static dipole moment of an exciton trapped at an oxygen side-wall defect^[@ref10]^ as an estimate for the dipole moments of localized excitons in our cryogenic CNTs.

First, we discuss the most obvious limit. A single-charge fluctuation site will lead to pure random telegraph noise. In the presence of a few sites, the near-most charge trap will dominate the spectral wandering because of the 1/*r*^2^ scaling of the PL energy shift with the distance to the charge, and the noise spectrum will be predominantly of RTN character as for the CNT in the left panels of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a,b. This statistically most common scenario explains why the fraction of RTN is large for all nanotubes observed on our sample (note the scale of the RTN weight in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c). A more general understanding of the origins of the two distinct classes of CNTs on hBN and SiO~2~ was obtained from Monte Carlo simulations with a variable density of surface states (i.e., elementary charge traps) σ, their characteristic switching times τ, and minimum distance from the CNT *r*~min~ as input parameters.

The results of the simulations are included as gray-shaded data in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c. A rather stable dielectric environment with a low density of charge states and minute-long characteristic dwell times yields the expected large RTN components (black data points concentrated in the lower left corner of the ternary diagram in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). Using the fluctuator areal density of σ = 1 × 10^--12^ cm^--2^ as characteristic for SiO~2~,^[@ref47]^ the simulation results (light gray data) are in good agreement with the experimental data if typical fluctuation time scales in the range of 1--3 s are assumed in accord with the actual observation of switching events as in the upper and right panels of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a and [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a, respectively. The large white noise component is introduced mainly by switching rates near and below the temporal resolution limit of 1 s in our experiment.

A region free of charge traps around the CNT exciton dipole yields the noise class of nanotubes on hBN with a sizable 1/*f*-noise component. This limit (dark gray data in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b) is reproduced for distant (*r* \> 30 nm) accumulations of charge traps with intermediate fluctuation times of ∼30 s and a factor of 10 higher spatial densities than on SiO~2~. It reflects the case of an electrostatically calm substrate with a low charge trap density paired with distant chains of surface states. One possible realization of such a scenario is a CNT located close to a ridge of an extended atomically flat hBN terrace. At terrace ridges, both dangling bonds and accumulation of CVD catalyst particles can give rise to a collection of charge-state fluctuators with a high spatial density (this scenario is supported by complementary AFM and Kelvin probe microscopy, see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b00871/suppl_file/nl8b00871_si_001.pdf)). In fact, a posteriori inspection of luminescent CNTs with AFM has identified nanotubes in rocky regions of hBN flakes (right inset of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c) with the tendency to exhibit a higher 1/*f* noise component than tubes on extended terraces residing sufficiently far away form charge-fluctuating lines of disorder and thus exhibiting predominantly RTN in their spectral jitter (left inset of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c).

In conclusion, our study identifies luminescent CNTs as quantitative probes of charge fluctuations within their nearby surrounding. The complementary analysis of the Allan deviation and the noise spectral density of the temporal PL evolutions exhibited by individual CNTs on two different dielectric supports of this study suggests a 1 order of magnitude lower charge trap density on atomically flat hBN as compared to SiO~2~, consistent with previous transport studies^[@ref31]−[@ref34]^ and the improved spectral characteristics of two-dimensional semiconductors embedded in hBN.^[@ref35]−[@ref38]^ Similar experiments can be performed to inspect the electrostatic stability of other dielectric substrates and environments using the PL of chemically doped CNTs^[@ref18]−[@ref21]^ where defect-localized excitons exhibit dipole moments^[@ref9]^ of the order of 1 eÅ.^[@ref10]^ For such dipole moments, an elementary charge in a distance of 10 nm would result in a spectral PL shift of ∼1 meV, a value easily detected with standard spectroscopy. In contrast to alternative all-optical solid-state electrometers in the form of semiconductor quantum dots^[@ref11]−[@ref14]^ and charged nitrogen vacancy centers in diamond,^[@ref15],[@ref16]^ defect-localized excitons in CNTs do not require a surrounding crystal matrix to maintain their photoactivity and thus can serve as sensing elements in scanning-probe electrometry with ultimate proximity to the object of interest.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.nanolett.8b00871](http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.8b00871).Additional data as well as details on experimental methods and theoretical modeling ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b00871/suppl_file/nl8b00871_si_001.pdf))
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